Introduction {#sec1}
============

Harnessing the immune system to fight cancer has proven clinically successful in the past few years. Indeed, following the introduction in 2011 of therapeutic antibodies blocking immune checkpoint receptors and ligands, the US Food and Drug Administration (FDA) approved, in 2017, the adoptive transfer of genetically modified autologous T cells as an effective therapy against B cell malignancies. Two adoptive cell transfer approaches have shown promise in the clinical setting. On one hand, the isolation, expansion, and reinjection of tumor-infiltrating lymphocytes (TILs) proved useful in metastatic melanoma.[@bib1] On the other hand, adoptive transfer of peripheral blood T cells expressing chimeric tumor antigen-specific receptors resulted in objective clinical responses in refractory leukemia.[@bib2] However, there is still a need to improve the survival of transferred T cells in solid tumors. For instance, genetically engineered T cells with the ability to produce their own survival signal have been investigated in order to cope better with the deleterious tumor microenvironment.[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]

microRNAs are small RNAs that regulate protein levels via specific binding to mRNAs and blocking of their translation.[@bib9] The microRNA miR-155 was first identified as an oncomir, responsible for driving B cell malignancy.[@bib10] Its importance in a variety of immune cells has subsequently been demonstrated, including dendritic cell (DC)-dependent T cell activation and response to lipopolysaccharide (LPS),[@bib11]^,^[@bib12] as well as macrophage differentiation[@bib13]^,^[@bib14] and CD4^+^ T cell immune fitness and differentiation.[@bib15], [@bib16], [@bib17], [@bib18], [@bib19] More recently, we and others have shown the importance of miR-155 for the functionality of cytotoxic CD8^+^ T cells.[@bib8]^,^[@bib20], [@bib21], [@bib22] Upon T cell activation, the expression of miR-155 is strongly upregulated, which is crucial for CD8^+^ T cell expansion and survival. Indeed, CD8^+^ T cells lacking miR-155 can develop normally in homeostatic conditions but are impaired in their proliferation and survival ability during an antiviral response.[@bib8]^,^[@bib21] Moreover, deletion of miR-155 was intrinsically detrimental to a potent CD8^+^ T cell antitumor response.[@bib8]^,^[@bib22] Conversely, adoptive transfer of miR-155-overexpressing gp100-specific CD8^+^ T cells induced a superior antitumor response upon vaccinia virus--human gp100 (hgp100) infection and systemic injection of interleukin-2 (IL-2).[@bib8] Mechanistically, miR-155 expressed in T cells blocks the translation of several mRNAs, including interferon-γ receptor-α (IFN-γRα),[@bib20] suppressor of cytokine signaling 1 (SOCS-1),[@bib8] tyrosine-protein phosphatase non-receptor type 2 (PTPN2),[@bib23] and inositol polyphosphate 5-phosphatase 1 (INPP5D),[@bib24]^,^[@bib25] which are mostly negative regulators of T cell activation, survival, expansion, and cytokine response. Interestingly, adoptive transfer of miR-155-overexpressing pmel T cells, followed by hgp100 viral infection, was proven to circumvent the need of host immunodepletion before adoptive transfer.[@bib23] Hence, miR-155 is a good candidate to improve CD8^+^ T cell antitumor efficiency for adoptive cell transfer.

The present study further demonstrates the potential of miR-155 overexpression to modulate T cell fitness and metabolism. Importantly, our results highlight the capacity of miR-155 overexpression to improve the antitumor activity of CD8^+^ T cells of low affinity to tumor antigens upon peptide-CpG vaccination. This method might prove useful for naturally occurring tumor-specific T cells in cancer patients, which are usually of low affinity to tumor antigens.

Results {#sec2}
=======

Transduced OT-1 T Cells Stably Overexpress miR-155 *In Vitro* {#sec2.1}
-------------------------------------------------------------

We used miR-155 retroviral transduction, as described previously.[@bib8]^,^[@bib26] Purified CD45.1 H-2Kb/ovalbumin (OVA) OT-1 T cells were activated and transduced with retrovirus to express constitutively either the green fluorescent protein (GFP) alone or fused to the microRNA miR-155 (provided by the group of Luca Gattinoni, NIH). Three days later, the percentage of transduced cells was, on average, 90%, as measured by GFP expression ([Figure 1](#fig1){ref-type="fig"}A). miR-155 expression levels, measured by qPCR, were increased 30- to 50-fold compared to control-transduced OT-1 cells ([Figure 1](#fig1){ref-type="fig"}B). As miR-155 is strongly upregulated following T cell activation,[@bib20]^,^[@bib27]^,^[@bib28] we compared the levels of the endogenous miR-155 over its retroviral-mediated overexpression. Indeed, as expected, activation with αCD3/αCD28-coated magnetic beads resulted in comparable 30-fold increases of miR-155 in OT-1 controls ([Figure 1](#fig1){ref-type="fig"}C). As a consequence, the level of miR-155 in the miR-155-transduced cells, 1 day after activation, was only 2-fold higher when compared to the control-transduced cells, suggesting that the transgene expression only minimally contributed to the total amount of microRNA in activated T cells. This was true for both exposure to CD3/CD28 magnetic beads ([Figure 1](#fig1){ref-type="fig"}C) and antigen-specific activation upon coculture with OVA-expressing tumor cells ([Figure 1](#fig1){ref-type="fig"}D).Figure 1Transduced OT-1 Cells Stably Overexpress miR-155 *In Vitro*(A) Histogram showing GFP expression in OT-1 cells transduced with the control vector (black) or the miR-155 overexpression vector (blue) 2 days after transduction. Untransduced cells are pictured in grey. (B) qPCR measurement of miR-155 levels in OT-1 control or OT-1 miR-155 resting cells (N = 3). (C and D) qPCR of miR-155 levels before and 1, 2, and 4 days following coculture with (C) anti-CD3 anti CD28-coated beads (1:1 ratio) (N = 3) and (D) B16-OVA cells (5:1 ratio) (N = 3). Pooled data extracted from two independent experiments. Plots show mean ± SD.

miR-155 Overexpression Increases *In Vivo* Expansion of OT-1 Cells upon Infection or Vaccination {#sec2.2}
------------------------------------------------------------------------------------------------

To evaluate the impact of miR-155 overexpression on the *in vivo* functionality of adoptively transferred OT-1 CD8^+^ T cells, we first used the bacterial infection model of transgenic *Listeria monocytogenes* expressing the ovalbumin protein (*Lm-*OVA). mir-155-transduced OT-1 cells, measured as the percentage of CD45.1^+^ GFP^+^ double-positive cells out of total CD8^+^ T cells, were indeed increased at the peak of expansion compared to control-transduced cells ([Figure 2](#fig2){ref-type="fig"}A). Although the overexpression of miR-155 did not have an impact on the early expansion phase, the proliferation of OT-1 miR-155 cells was increased compared to OT-1 control cells, 6 days after infection, as measured by bromodeoxyuridine (BrdU) incorporation ([Figure 2](#fig2){ref-type="fig"}B). Whereas we and others[@bib20]^,^[@bib23] showed that miR-155 overexpression results in increased accumulation of CD8^+^ T cells upon viral and bacterial infection ([Figure 2](#fig2){ref-type="fig"}A), such observations were not confirmed in vaccination settings. Therefore, we compared the potential of miR-155 overexpression for the functionality of CD8^+^ T cells in *Lm*-OVA-infected and OVA peptide/CpG-vaccinated mice. Seven days after infection ([Figures 2](#fig2){ref-type="fig"}C and 2D) or vaccination ([Figure 2](#fig2){ref-type="fig"}E), OT-1 miR-155 cell frequencies were increased in the blood of mice compared to OT-1 control cells. With regard to T cell differentiation, we showed in a previous publication that OT-1 cells lacking miR-155 expression expressed higher levels of CD62 ligand (CD62L) and CD127.[@bib8] Conversely, we show here that two weeks post CpG-OVA vaccination, miR-155-overexpressing OT-1 cells exhibited significantly reduced CD62L ([Figure 2](#fig2){ref-type="fig"}F) and CD127 ([Figure 2](#fig2){ref-type="fig"}G) as compared to control cells. These data suggest that miR-155 might also be a good candidate molecule to improve T cell response to cancer vaccines.Figure 2miR-155 Overexpression Increases the Proliferation and Accumulation of OT-1 Cells *In Vivo* upon Infection(A) Percentages of GFP^+^ OT-1 cells among total CD8 were measured in the spleen of *Lm*-OVA-infected mice, 4, 6, and 7 days after infection (N = 6). Plot shows mean ± SD. Sidak's multiple comparisons test was performed. \*\*\*p ≤ 0.001; \*\*\*\*p ≤ 0.0001. (B) Percentage of proliferating BrdU^+^ cells among total OT-1 control and OT-1 miR-155 splenocytes, 2.5 h after peritoneal BrdU injection, 4 and 6 days after *Lm*-OVA infection. Unpaired t test was performed for each day. \*\*p ≤ 0.01 ns p \> 0.05. (C) Representative plots of (D). (D and E) Percentages of OT-1^+^ GFP^+^ cells in the CD8^+^ compartment, 7 days after (D) *Lm*-OVA infection or (E) CpG OVA vaccination. (F and G) Median fluorescence intensity (MFI) of (F) CD62L and (G) CD127 measured by flow cytometry, 2 weeks after *Lm-*OVA infection on OT-1 control and OT-1 miR-155 splenocytes. Results are representative of 3 independent experiments. (D--G) Unpaired t test was performed. \*\*\*p ≤ 0.001; \*p ≤ 0.05

miR-155 Overexpression Is Associated with Enhanced Metabolic Activity of OT-1 Cells {#sec2.3}
-----------------------------------------------------------------------------------

miR-155 is important in controlling the signaling pathways downstream of T cell receptor (TCR) activation. Indeed, miR-155 overexpression decreases the intracellular amount of its target INPP5D and thus, augments the phosphorylation of Akt.[@bib23] We hypothesized that this regulatory mechanism could lead to an increased mechanistic target of rapamycin kinase (mTOR) activity, which would, in turn, lead to a more differentiated T cell phenotype. We thus measured the amount of phosphorylated ribosomal protein S6, which is downstream of the mTOR complex 1 (mTORC1). After 1.25 h of coculture with αCD3/αCD28, the amount of phosphorylated S6 was indeed increased in OT-1 miR-155 compared to OT-1 control cells, indicating a higher mTORC1 activity ([Figure 3](#fig3){ref-type="fig"}A).Figure 3Overexpression of miR-155 Increases mTOR Signaling and the Basal and Activation-Induced Metabolic Activity of T Cells(A) Quantity of phosphoS6 measured by flow cytometry before and 1.25 h after activation with αCD3/αCD28 beads. (B) Basal extracellular acidification rate (ECAR) of OT-1 control and miR-155 cells in the glucose-supplemented medium. Unpaired t test was performed. \*\*\*p ≤ 0.001 (N = 3). (C) Basal ECAR of OT-1 control and miR-155 cells in medium without glucose. Unpaired t test was performed. \*\*\*p ≤ 0.001 (N = 3). (D) Extracellular acidification rate (ECAR) was measured in a Seahorse machine after sequential addition of αCD3/αCD28 beads, oligomycin, FCCP, and 2DG. The starting medium contained 10 mM glucose and 2 mM glutamine. Data plots show mean ± SEM. (E) ECAR was measured using a Seahorse machine after sequential addition of αCD3/αCD28 beads, glucose, oligomycin, and 2DG. The starting medium contained 2 mM glutamine and no glucose (N = 4). Plot shows mean ± SEM. (F) Basal oxygen consumption rate (OCR) was measured in a Seahorse machine after sequential addition of αCD3/αCD28 beads, oligomycin, FCCP, and 2DG. The starting medium contained 10 mM glucose and 2 mM glutamine. Data plots show mean ± SEM. (G) OCR was measured using a Seahorse machine after sequential addition of αCD3/αCD28 beads, glucose, oligomycin, and 2DG. The starting medium contained 2 mM glutamine and no glucose (N = 4). Plot shows mean ± SEM. (E--G) Sidak's multiple comparison test was used to compute statistical significance. \*p ≤ 0.05; \*\*p ≤ 0.01. Representative results from 1 experiment out of 2 independent experiments.

The mTOR pathway is instrumental in allowing CD8^+^ T cells to switch from oxidative phosphorylation (oxphos) to aerobic glycolysis.[@bib29] Moreover, this switch is crucial for the development of CD8^+^ T cell effector function, such as production of IFN-γ.[@bib30] We hence measured the metabolic activity of miR-155-transduced OT-1 cells, before and after activation in metabolic flow (Seahorse) assays. At the resting state, OT-1 miR-155 cells had a higher extracellular acidification rate (ECAR), both in the presence ([Figure 3](#fig3){ref-type="fig"}B) or absence of glucose ([Figure 3](#fig3){ref-type="fig"}C), as compared to control-transduced OT-1 cells. This might indicate that miR-155-overexpressing cells have a higher glucose reservoir for glycolytic needs in the absence of extracellular glucose. Next, we evaluated the capacity of OT-1 cells to upregulate their glycolytic respiration upon activation with αCD3/αCD28 beads ([Figure 3](#fig3){ref-type="fig"}D). All OT-1 cell populations could switch from the oxphos to the glycolytic pathway, regardless of the overexpression of miR-155. Since the tumor microenvironment can be deprived of glucose, due to the high consumption by cancer cells,[@bib31]^,^[@bib32] we tested if the overexpression of miR-155 could preserve the metabolic response upon activation in the glucose-deprived conditions. OT-1 miR-155 cells displayed an increased glycolytic response compared to OT-1 control cells after being primed in the absence of glucose ([Figure 3](#fig3){ref-type="fig"}E). Additionally, OT-1 miR-155 cells showed an increased oxygen consumption rate (OCR) in the resting phase and upon activation in the presence ([Figure 3](#fig3){ref-type="fig"}F) or in the absence of extracellular glucose ([Figure 3](#fig3){ref-type="fig"}G). This demonstrates that the overexpression of miR-155 increases the metabolic activity of CD8^+^ T cells, independently of the presence of glucose. This faculty is a promising aspect of T cell biology, since tumor microenvironments are usually depleted from glucose and other nutrients,[@bib33] which is part of the tumor-mediated immunosuppression. In fact, the ability of T cells to switch to aerobic glycolysis has been linked to a better antitumor response.[@bib31]^,^[@bib32]

Overexpression of miR-155 in CD8^+^ T Cells Confers Competitive Fitness and Increased Polyfunctionality in the Tumor {#sec2.4}
--------------------------------------------------------------------------------------------------------------------

In light of their higher metabolism, effector phenotype, and proliferative ability, we assessed the capacity of OT-1 miR-155 cells to mediate tumor rejection. We first tested the ability of OT-1 miR-155 T cells to infiltrate tumors and to produce cytokines following antigen recognition. To do so, OVA-expressing B16 melanoma tumor cells (B16-OVA) were inoculated in the flank of mice. To minimize the impact of intrinsic variations between animals, as well as differences in tumor sizes, we cotransferred OT-1 miR-155 and OT-1 control cells (1:1 ratio) bearing different congenic markers into the same tumor-bearing hosts. Then, mice were either vaccinated with the SIINFEKL OVA peptide/CpG or infected with *Lm-*OVA or PBS control ([Figure 4](#fig4){ref-type="fig"}A). Seven days after vaccination or infection, mice were sacrificed, and the percentages of OT-1 control or miR-155 was measured in the blood and in tumors. As previously shown,[@bib8] the ability of OT-1 miR-155 CD8^+^ T cells to accumulate in the blood after either vaccination or infection significantly surpassed that of the OT-1 control cells ([Figure 4](#fig4){ref-type="fig"}B). Strikingly, OT-1 miR-155 CD8^+^ T cells were also found in higher numbers in tumors ([Figures 4](#fig4){ref-type="fig"}C and 4D), and this difference was even increased when compared to circulating cells. We then assessed the *ex vivo* effector functions of the OT-1 cells by restimulating them with the OVA peptide for 4 h. At the peak of the immune response, both OT-1 control and miR-155 extracted from the tumor could respond to restimulation. However, a higher percentage of OT-1 miR-155 cells produced both IFN-γ and tumor necrosis factor (TNF)-α when compared to OT-1 control cells ([Figure 4](#fig4){ref-type="fig"}E). Finally, no striking differences in levels of programmed cell death 1 (PD-1), CD62L, and CD44 were seen in the tumor, whereas circulating miR-155-transduced OT-1 cells had an increased expression of CD44 (data not shown) and decreased expression of CD62L ([Figure 2](#fig2){ref-type="fig"}F). Strikingly, we observed that the level of expression of the coreceptors CD8α and CD8β was significantly higher on OT-1 miR-155 cells as compared to OT-1 control cells, both in the blood ([Figures 4](#fig4){ref-type="fig"}F and 4G) and tumors ([Figures 4](#fig4){ref-type="fig"}H and 4I). Interestingly, OT-1 miR-155 cells had similar CD8α and CD8β expression levels as endogenous CD8 T cells ([Figures 4](#fig4){ref-type="fig"}F and 4G), suggesting that miR-155 might prevent the CD8 downregulation, which occurs upon T cell activation.Figure 4Overexpression of miR-155 in CD8^+^ T Cells Confers Competitive Fitness and Increased Polyfunctionality in the Tumor(A) CD45.2 OT-1 cells were transduced with the miR-155 vector, and CD45.1/2 OT-1 cells were transduced with the control vector and cotransferred at a 1:1 ratio in CD45.1 tumor-bearing mice. 1 day later, mice were either infected with *Lm*-OVA or vaccinated with CpG and OVA. (B) 7 days after vaccination or infection, blood was collected and stained, and the percentage of GFP^+^ OT-1 cells was measured by flow cytometry. (C) 7 days after vaccination or infection, tumor-infiltrating lymphocytes were isolated, and the percentage of GFP^+^ OT-1 cells in total CD8^+^ T cells was measured by flow cytometry. (D) Representative fluorescence-activated cell sorting (FACS) plot of the frequency of CD45.1^+^ and GFP^+^ cells in tumors of CpG-OVA or *Lm*-OVA-treated mice. (E) Percentage of IFN-γ^+^ and TNF-α double-positive cells in total OT-1 control and OT-1 miR-155 cells isolated from tumors 7 days after vaccination or infection and *ex vivo*-restimulated with N4 peptide. (F and G) MFI of (F) CD8α and (G) CD8β was measured by flow cytometry on GFP^+^ OT-1 cells and GFP^−^ CD8^+^ T cells extracted from blood. (H and I) MFI of (H) CD8α and (I) CD8β was measured by flow cytometry on GFP^+^ OT-1 cells extracted from tumors. (B, C, and E--I) Sidak's multiple comparison test was performed on each pair of data. ns p \> 0.05; \*p ≤ 0.05; \*\*p ≤ 0.01; \*\*\*p ≤ 0.001; \*\*\*\*p ≤ 0.0001.

Overexpression of miR-155 in OT-1 Cells Improves Their Ability to Mediate Protection against Tumors Expressing a Low-Affinity Antigen {#sec2.5}
-------------------------------------------------------------------------------------------------------------------------------------

To check if the increased ability of OT-1 miR-155 cells to infiltrate tumors in a cotransfer setting translated into a better antitumor effect, we subcutaneously engrafted B16-OVA tumors in CD45.2 mice, and CD45.1 OT-1 control or miR-155 cells were transferred 6 days later. Mice were vaccinated or infected the following day ([Figure 5](#fig5){ref-type="fig"}A). As expected, the peripheral expansion of OT-1 miR-155 cells was increased as compared to OT-1 control cells in both vaccination and infection settings (data not shown). However, the antitumor protection upon *Lm*-OVA infection was only mildly improved when mice were transferred with miR-155 OT-1 ([Figure 5](#fig5){ref-type="fig"}B), and no difference was observed upon OVA peptide/CpG vaccination ([Figure 5](#fig5){ref-type="fig"}C). The tumors were analyzed 27 days after graft for *Lm-*OVA-infected mice and 25 days postvaccination. In line with the absence of improved tumor control, the infiltration of OT-1 miR-155 cells was not superior to the OT-1 control cells, whether post *Lm*-OVA infection ([Figure 5](#fig5){ref-type="fig"}D) or peptide vaccination ([Figure 5](#fig5){ref-type="fig"}E). These results suggested that despite an increase in peripheral expansion, as well as a more metabolically active effector phenotype, the overexpression of miR-155 did not greatly ameliorate the antitumor response in the aggressive B16-OVA melanoma model.Figure 5miR-155 Overexpression in OT-1 Cells Marginally Improves Tumor Control upon Infection with *Lm*-OVA but Fails to Do so upon Tumor Vaccine(A) C57BL/6 mice were engrafted subcutaneously with 1 × 10^5^ B16-OVA (n = 5--6). 6 days later, 1 × 10^5^ OT-1 T cells were transferred intravenously. At day 7, mice were either infected with *Lm*-OVA or vaccinated with CpG-OVA. (B and C) Tumor volumes were measured with a manual caliper every other day from day 7 postengraftment until the end of the experiment for (B) mice infected with *Lm*-OVA or (C) mice vaccinated with CpG-OVA. These figures are from one representative experiment out of three independent experiments. Sidak's multiple comparisons test was performed on each measured day for OT-1 control versus OT-1 miR-155. ns p \> 0.05; \*p ≤ 0.05. (D and E) Analysis of TILs extracted from tumors of *Lm*-OVA-infected mice (D) 27 days post-tumor graft and (E) 25 days post-tumor graft in CpG/OVA-vaccinated mice. Unpaired t test was performed. ns p \> 0.05.

These results were in contrast with our previous demonstration of a significant improvement in tumor control by overexpressing miR-155 in gp100/pmel CD8^+^ T cells.[@bib8] However, pmel cells are self-tolerant mouse gp100 (mgp100)-specific CD8^+^ T cells, which do not protect against mgp100-expressing B16 tumors unless stimulated via infection with a vaccinia virus expressing the human gp100.[@bib34] The affinity of the pmel cells to their cognate antigen is relatively low, in contrast to the TCR of OT-1 cells that have a high affinity for the SIINFEKL OVA peptide, as shown by their negative thymic selection in young mice injected with OVA.[@bib35] We hypothesized that the absence of an improved inhibition of B16-N4 tumor development resulted from an already strong upregulation of endogenous miR-155 in the OT-1 control cells, which had reached a plateau and could not be further increased by constitutive miR-155 overexpression ([Figure 1](#fig1){ref-type="fig"}D). This hypothesis was indeed supported by our observation that miR-155 is less upregulated in low-affinity T cells.[@bib36] Thus, this observation would suggest that forced miR-155 overexpression may have more impact in a low-affinity T cell response.

To investigate if the affinity to the target antigen was a determining factor for the improved CD8^+^ T cell function upon miR-155 overexpression, we took advantage of the high-affinity SIINFEKL (N4) and low-affinity SIITFEKL (T4) OVA analog peptides. The altered peptide ligand T4 has an approximately 10-fold decreased affinity for the OT-1 TCR, which is at the limit between negative selection and self-tolerance.[@bib35]^,^[@bib37]^,^[@bib38] In agreement with our hypothesis, miR-155 OT-1 T cells, activated *in vitro* with B16-OVA T4, had a 10-fold higher miR-155 level as compared to control cells ([Figure 6](#fig6){ref-type="fig"}A), whereas the difference was only 2-fold in the presence of B16-N4 1 day after activation ([Figure 1](#fig1){ref-type="fig"}D). We subcutaneously engrafted C57BL/6J mice with 10^5^ B16 tumor cells expressing either the native OVA epitope (B16-N4) on the right flank or the altered, low-affinity T4 peptide (B16-T4) on the left flank. OT-1 control or miR-155 cells were intravenously transferred 10 days postgraft, and vaccination was performed with CpG and the N4 peptide on the same day ([Figure 6](#fig6){ref-type="fig"}B). Similarly to the single graft of B16-OVA (N4) shown above ([Figure 5](#fig5){ref-type="fig"}C), the overexpression of miR-155 did not significantly improve the protection against B16-N4 tumors upon vaccination ([Figure 6](#fig6){ref-type="fig"}C). In contrast, 18 days after engraftment, the B16-T4 tumors treated with OT-1 miR-155 T cells were significantly smaller than the ones injected with the OT-1 control cells ([Figure 6](#fig6){ref-type="fig"}D). As expected, the OT-1 miR-155 cells were strongly enriched in the spleen at the peak of the immune response to the vaccine, illustrating their increased peripheral expansion as compared to control OT-1 cells ([Figure 6](#fig6){ref-type="fig"}E). Moreover, this increase was also reflected in the tumor-draining lymph nodes (dLNs), with more OT-1 miR-155 cells than OT-1 controls in dLNs of both N4 tumors ([Figure 6](#fig6){ref-type="fig"}F) and T4 tumors ([Figure 6](#fig6){ref-type="fig"}G). The absolute numbers of OT-1 miR-155 cells were increased in both N4 and T4 tumors but more markedly in the latter ([Figure S1](#mmc1){ref-type="supplementary-material"}). However, whereas the N4 tumors contained similar frequencies of OT-1 miR-155 as compared to OT-1 control cells ([Figure 6](#fig6){ref-type="fig"}H), the T4 tumors were reproducibly enriched with miR-155 OT-1 cells, as compared to control OT-1 cells ([Figure 6](#fig6){ref-type="fig"}I), showing an increased ability of miR-155-overexpressing T cells to either survive or expand better in tumors expressing a low-affinity antigen.Figure 6Overexpression of miR-155 in OT-1 Cells Improves Their Ability to Mediate Protection against Tumors Expressing a Low-Affinity Antigen(A) qPCR of miR-155 levels before and 1, 2, and 4 days following coculture with B16-T4 cells (5:1 ratio) (N = 3). (B) B6 mice were engrafted subcutaneously on the left flank with B16-T4 and on the right flank with B16-N4. 10 days after the graft, the mice were injected intravenously with 1 × 10^5^ OT-1 control, OT-1 miR-155 cells, or PBS. The same day, they were vaccinated with CpG, and the high-affinity OVA peptide SIINFEKL (N4). The mice were sacrificed 18 days after the graft for FACS analysis. (C) B16-N4 tumor growth was measured every 2 days with a manual caliper (N = 6). (D) B16-T4 tumor growth was also measured every 2 days (N = 6). Figures are from 1 representative experiment out of 2 independent experiments. Two-way ANOVA and Tukey's multiple comparison test were used to compute the statistical significance at day 21 postgraft for the different treatment groups. \*\*p ≤ 0.01; \*\*\*\*p ≤ 0.0001. (E--I) Percentages of GFP^+^ OT-1 control and OT-1 miR-155 in total CD8^+^ T cells in (E) spleen, (F) draining lymph nodes (dLNs) of N4 tumor, (G) dLNs of T4 tumor, (H) N4 tumor, and (I) T4 tumor. Unpaired t test were performed. ns p \> 0.05; \*p ≤ 0.05; \*\*p ≤ 0.01; \*\*\*p ≤ 0.001, \*\*\*\*p ≤ 0.0001.

Together, these results indicate that overexpression of miR-155 specifically improves the T cell response to low-affinity antigen, possibly by preventing the downregulation of the CD8 coreceptor that was shown to be particularly important in the case of lower-affinity TCR/major histocompatibility complex (MHC)/peptide interactions.[@bib39]^,^[@bib40]

Functional Responses to the Low-Affinity T4 Peptide Are Dependent on CD8α Binding in a Dose-Dependent Manner {#sec2.6}
------------------------------------------------------------------------------------------------------------

Thus, we investigated the functional significance of the higher CD8α and CD8β levels consistently seen on the surface of OT-1 miR-155 cells after *in vivo* antigen stimulation. It has been previously shown that the presence or absence of CD8α could affect the ability of human T cells to respond to low-affinity antigens, whereas high-affinity antigens were usually independent of CD8α-MHC-I binding.[@bib41] Indeed, the concentration of IFN-γ after overnight stimulation with the N4 peptide was not affected by the addition of 1 μg/mL of anti-CD8α to the culture ([Figures 7](#fig7){ref-type="fig"}A and 7B), whereas the amount of IFN-γ sharply dropped when the anti-CD8α antibody was added to the cells stimulated with the low-affinity peptide T4 ([Figures 7](#fig7){ref-type="fig"}C and 7D). Moreover, miR-155 overexpression rendered the T cells more resistant to CD8α blockade.Figure 7Functional Response to the Low-Affinity T4 Peptide Is Dependent on CD8 Binding(A--D) Total IFN-γ in the supernatant after overnight coculture of control or miR-155-transduced OT-1 cells with EL4 pulsed with different concentrations of either N4 (A and B) or T4 (C and D) peptide in the absence (A and C) or presence (B and D) of 1 μg/mL blocking anti-CD8α antibody (N = 2). Statistical significance was determined by two-way ANOVA and Sidak's multiple comparison test. (E--H) Killing assay measured via IncuCyte Live Cell Analysis. OT-1 control or OT-1 miR-155 cells were cocultured with B16-N4 (E and F) or B16-T4 cells (G and H) at a 2:1 effector:target ratio in the absence (E and G) or presence (F and H) of 1 μg/mL blocking anti-CD8α antibody. The Annexin V red signal was measured every 2 h for 2 days (N = 2). Statistical significance was determined by two-way ANOVA. Graphs are representative of 2 independent experiments.

Next, we measured the killing efficiency of OT-1 miR-155 and OT-1 control cells against B16-N4 versus B16-T4 tumor cells, with or without the blocking the CD8α and MHC-I interaction. Similarly, CD8 blocking did not significantly affect the killing of B16-N4 tumor cells ([Figures 7](#fig7){ref-type="fig"}E and 7F), whereas B16-T4 cell killing was strictly dependent on the intact function of CD8α ([Figures 7](#fig7){ref-type="fig"}G and 7H). Of note, the killing of low-affinity B16-T4 cells in the absence of CD8 blocking was significantly higher by OT-1 cells overexpressing miR-155 compared to the controls ([Figure 7](#fig7){ref-type="fig"}G) in contrast to the B16-N4 target cells ([Figure 7](#fig7){ref-type="fig"}E). These experiments demonstrate that the ability of T cells to respond to the low-affinity antigen is dependent on the binding of CD8α to the MHC-I. Therefore, we postulate that the increased CD8α and CD8β expression observed on the surface of OT-1 miR-155 contributes to the better antitumor efficacy in a low-affinity setting.

Discussion {#sec3}
==========

The main finding of this work is that miR-155 can be used to engineer T cells for improved adoptive-transfer therapy against tumors expressing a low-affinity antigen.

First, we demonstrated that the effector functions of CD8^+^ T cells, transduced with a retroviral vector driving miR-155 overexpression, were enhanced *in vivo*, as shown by higher proliferation and IFN-γ and TNF-α secretion in response to *Lm-*OVA infection. These results corroborate previous findings from ourselves and others, demonstrating that miR-155 is required for T cell proliferation and cytokine production.[@bib8]^,^[@bib20]^,^[@bib23]^,^[@bib24] Moreover, we confirm the observation that miR-155-overexpressing cells are more terminally differentiated,[@bib24]^,^[@bib42] which is in line with our previous observation of an increased central memory phenotype in miR-155 knockout (KO) CD8^+^ T cells.[@bib8]

Since miR-155 targeting of INPP5D leads to Akt phosphorylation,[@bib23]^,^[@bib43] we hypothesized an increased mTOR signaling, which was confirmed by higher phosphoS6 and glycolytic activity. mTOR activity is implicated in the ability of T cells to switch from oxidative phosphorylation to glycolysis upon activation, which is necessary for an increased production of IFN-γ.[@bib30]^,^[@bib44] This is consistent with our observations of an increased IFN-γ production upon miR-155 overexpression. Furthermore, we observed an increased oxidative respiration and extracellular acidification rate at the resting state in the presence or absence of extracellular glucose. As it has been shown that the competition for glucose between cancer cells and T cells is an important mechanism of local tumor immunosuppression,[@bib31]^,^[@bib32] our observations suggest that T cells overexpressing miR-155 can maintain a high metabolic activity even in the presence of low glucose levels.

Although the overexpression of miR-155 induced a strong increase of miR-155 levels at the resting state, the upregulation of the endogenous miR-155 upon activation with a high-affinity antigen failed to show an additive effect. Indeed, the relative levels of miR-155 per T cell reached an upper plateau, which may explain the lack of enhanced anti-tumor effects *in vivo* in the presence of strong tumor antigens. These observations suggest that there is likely a tightly regulated maximal amount of miR-155 that can be present in a cell, resulting from its expression rate, its post-transcriptional processing capacity, and its half-life. Hence, overexpression of miR-155 might be most impactful upon a weak T cell activation.

We and others had previously shown that the upregulation of the endogenous miR-155 is proportional to the affinity of the TCR to the peptide:MHC ligand, both in mouse and human CD8^+^ T cells.[@bib8]^,^[@bib36]^,^[@bib45] Together, these observations suggest that overexpressing miR-155 in low-affinity T cells would selectively support their activation and effector functions, as they are the ones with the lowest natural miR-155 increase upon antigen activation. Indeed, we demonstrated that OT-1 cells stimulated with the N4 peptide upregulated miR-155 to a higher level compared to OT-1 cells stimulation with the T4 peptide. We also have indications that OT-1 TILs in T4 tumors had a lower expression of the endogenous miR-155 compared to TILs in the N4 tumors.[@bib36] However, the number of control-transduced OT-1 TILs in T4 tumors in the present study was unfortunately too low to get reliable qPCR values of their miR-155 expression.

Although enforced miR-155 overexpression led to higher systemic expansion of OT-1 T cells, an improved antitumor response upon vaccination was only seen against tumors expressing the low-affinity OVA epitope T4. We propose two nonmutually exclusive mechanisms to explain this better effect on low-affinity tumors.

First, the higher miR-155 levels in TILs from high-affinity N4 tumors might already fall in an optimal range for the tumor context, and the addition of more miR-155 might be unnecessary. In contrast, TILs extracted from the T4 tumors had lower activation-induced miR-155 levels, which were compensated by enforced miR-155 overexpression, thus endowing the cells with all of the previously discussed functional advantages. Previous publications showing a better effect of miR-155 overexpression in CD8^+^ T cells were performed in the low-affinity pmel model, which supports that hypothesis. Moreover, recent work from our lab demonstrated that the levels of endogenous miR-155 in TILs are correlated with tumor control only in low-affinity tumors.[@bib36]

A second mechanism that may explain the better tumor control of low-affinity tumors by miR-155 OT-1 T cells relates to their reproducibly higher CD8α and CD8β expression levels. We found that, in fact, the surface CD8 downregulation following T cell activation was significantly attenuated in miR-155-overexpressing cells, resulting in a more abundant surface expression of the coreceptor. Upon activation of CD8^+^ T cells, CD8α and CD8β are downregulated together with the TCR-MHC signaling synapse.[@bib46]^,^[@bib47] A possible mechanism for attenuated CD8 downregulation might lie in the transcription factor CCAAT/enhancer-binding protein alpha (CEBPA), which is a direct target of murine[@bib48] and human miR-155.[@bib49]^,^[@bib50] Sorting nexins are proteins that are responsible for the receptors recycling from endosomes, as well as their expression at the cell surface.[@bib51] The miR-155/CEBPA/SNX27 axis was shown to be important for protein recycling in mouse brain cells,[@bib52] and sorting nexin familymember 27 (SNX27) was shown to be important for protein recycling in T cells from endocytic vesicles.[@bib53] This absence of CD8α and CD8β downregulation might, in turn, play a key role in stabilizing a suboptimal TCR:peptide MHC-I interaction, whereas being irrelevant in the context of a high-affinity antigen. Indeed, it has been demonstrated before that low-affinity T cell function is highly dependent on the presence of the surface CD8 coreceptor, whereas high-affinity T cells are not.[@bib41]^,^[@bib54]^,^[@bib55] Our *in vitro* data corroborate these findings, as both IFN-γ expression and target cell killing were abrogated in the presence of blocking the anti-CD8α antibody upon stimulation with the T4 peptide. Further studies are necessary to tease out the targets of miR-155, which are responsible for its implication in the attenuation of activation-induced downregulation of cell-surface CD8 coreceptors.

These findings confirm and lend further support to miR-155 being an interesting candidate for immunotherapy, as circulating T cells are usually of low affinity to tumor-associated self-antigens because of central tolerance and immunoediting. The overexpression of miR-155 could potentially rescue those low-affinity T cells and make them more efficient in controlling tumor growth. We postulate that this key feature provides renewed hope to exploit effectively the repertoire of self-antigen-specific T cells for cancer immunotherapy. This is important because targeting self-tumor antigens, in contrast to neoantigens, may benefit large groups of cancer patients and avoid recurring to individualized immunotherapies.

MATERIALS and METHODS {#sec4}
=====================

Mouse Strains {#sec4.1}
-------------

OT-1 transgenic mice expressing a H-2Kb/OVA-specific TCR on the C57BL/6J background were bred in house until 6--15 weeks of age and used to obtain OT-1 CD8^+^ T cells. C57BL/6J mice were purchased from Envigo. C57BL/6J expressing the CD45.1 or CD45.1/2 congenic markers were bred in house. This study was approved by the Veterinary Authority of the Swiss Canton Vaud (authorization no. 1850) and performed in accordance with Swiss ethical guidelines

Cell Lines {#sec4.2}
----------

The B16-F10 mouse melanoma cell line was used either as such or transduced to express the SIINFEKL (N4) or SIITFEKL (T4) OVA protein, as previously described.[@bib56] B16-OVA implicitly refers to the high-affinity SIINFEKL ovalbumin protein.

Production of Retroviral Particles {#sec4.3}
----------------------------------

10^7^ Phoenix-ECO (ATCC CRL-3214) cells were plated in a T150 flask the day before the transfection. Transfection with a mix of either pMGP-GFP or pMGP-M155 (Addgene 26527) and pCL-ECO (Addgene 12371) packaging plasmid was performed. Retrovirus was produced as previously described by B. Tschumi et. al.[@bib26]

Retroviral Transduction and Maintenance of Primary Mouse T Cells {#sec4.4}
----------------------------------------------------------------

T Cell transduction was essentially done as previously described.[@bib26] Briefly, spleens of OT-1 mice were dissociated, and T cells were isolated using the mouse T cell isolation kit (STEMCELL 19851). T Cells were subsequently activated by coculturing them with αCD3/αCD28-coated magnetic beads (Life Technologies 11452D). On the following day, T cells were transduced as described.[@bib24] The percentage of transduced cells was assessed 2 days after transduction via flow cytometry detection of GFP expression. At this time, the cells were either used for *in vivo* tumor challenge or kept in culture, as described.[@bib24] Transduced mouse T cells could be kept in culture and used for *in vitro* assays until 2--3 weeks after transduction.

Tumor Challenge {#sec4.5}
---------------

C57BL/6J mice, 6--10 weeks old, were subcutaneously engrafted with 10^5^ B16-OVA (N4) or B16-T4 tumor cells in 100 or 200 μL PBS. 6 days later, 10^5^ miR-155 or control-transduced OT-1 cells (approximately 90% GFP^+^) were transferred intravenously in the tail. 7 days after the tumor graft, mice were either infected or vaccinated. Infections were performed via the intravenous injection of 2,000 plaque-forming units (PFU) *L. monocytogenes*, genetically modified to express the OVA protein. Vaccination was performed subcutaneously at the base of the tail. The vaccination mix incorporated 10 μg SIINFEKL (Protein and Peptide Chemistry Facility, University of Lausanne \[UNIL\]) peptide with 50 μg CpG (ODN 1826, U133-L01A) in PBS. Tumor growth was measured using a manual caliper from day 6 postengraftment and every 2--3 days after that until the end of the experiment. Tumor sizes were calculated in cubic millimeters as the product of length, width, and height divided by 2.

Organ Processing for *In Vitro* Analysis {#sec4.6}
----------------------------------------

Spleens were mashed through a 100-μm filter and treated with red blood cell lysis buffer for 5 min before staining. Lymph nodes were mashed through a 40-μm filter and stained directly. Tumors were cut in small pieces with scissors and put into a MACS C Tube with 2.5 mL of plain DMEM containing enzymes from the MACS 130-096-730 kit. Tumors were then mechanically processed using the gentleMACS dissociator (\#130-093-235) and the m_impTumor_02 program. Afterward, tumors were incubated at 37°C for 20 min, rolling constantly. Finally, tumors were again mechanically processed using the program m_impTumor_03. Resuspended tumors were filtered through 40 μm, before pelleting by centrifugation. Debris were removed by Percoll purification. The tumor cell pellet was first resuspended in a 15-mL Falcon in 40% Percoll in PBS at 37°C. Then, 4 mL of 70% Percoll in PBS was carefully layered on top of the 40% Percoll. The tubes were subsequently centrifuged at 975 *g* for 20 min. Tumor-infiltrating lymphocytes were isolated from the middle phase of the density gradient and washed 2 times before counting and staining or restimulation for the detection of cytokine production. Both the axillary and inguinal lymph nodes on the same flank as the tumor were sampled and defined as tumor dLNs in [Results](#sec2){ref-type="sec"}.

*In Vivo* T Cell Proliferation {#sec4.7}
------------------------------

Mice were injected intraperitoneally (i.p.) with 1.8 mg of BrdU, diluted in PBS for 2.5 h before organ collection and analysis. Organs were processed as described above. After staining for surface markers, cells were fixed, and first, the cell membrane was permeabilized, and then, the nuclear membrane was permeabilized using Cytoperm Plus (Becton Dickinson \[BD\] 561651). DNase was added at a concentration of 0.3 μg/μL, and the samples were incubated for 1 h at 37°C. Then, anti-BrdU phycoerythrin (PE) antibody was added in diluted in Perm/Wash buffer and incubated 30 min at room temperature. Samples were washed 2 times before resuspension and acquisition via flow cytometry.

Intracellular Cytokine Staining {#sec4.8}
-------------------------------

To assess intracellular cytokine production, 10 ng/mL final concentration phorbol 12-myristate 13-acetate (PMA) and 500 ng/mL ionomycin or 10 μM of SIINFEKL peptide were added to plated splenocytes or tumor-infiltrating lymphocytes in a 96-well plate and placed in the incubator at 37°C. After 30 min, GolgiStop (monensin; BD 554724) was added to the wells at a 1/1,500 dilution. The cells were placed back in the incubator for an additional 4 h before surface staining and intracellular staining. Fixation and permeabilization for the intracellular detection of cytokines were performed with the BD kit (554714), according to the manufacturer's instruction.

qPCR {#sec4.9}
----

Cells were collected, resuspended in RNAlater (Ambion AM7020), and stored at −20°C for further RNA isolation. Subsequently, RNA was purified in 40 μL H~2~O using the mirVana (Ambion AM1561) kit and following the manufacturer's instructions. miR-specific RT was performed on 5 μL of the extracted RNA and using TaqMan primer pairs (TaqMan SnoRNA202 1232, TaqMan mmu-miR155 2571) and the TaqMan RT kit (Life Technologies 4366597) following the manufacturer's instructions. Finally, qPCR was run using 96-well optical plates (Life Technologies 4346906) in a 7500 Fast Real-Time PCR machine (Thermo Fisher Scientific 4351106). The qPCR mix volume was of 10 μL/well and comprised 2 μL of the RT reaction mixed with the primers and TaqMan Fast Universal Master Mix (Life Technologies 4352042). All qPCR reactions were performed in 2 technical replicates, and the values were excluded if the difference in cycle threshold (C~T~) was higher than 0.2 or if one of the C~T~ values was higher than 33. The mean of the technical replicates of the control gene (snoRNA202) was substracted to the mean of the technical replicates of the gene of interest (miR-155) to calculate the ΔC~T~. Fold changes in expression were then calculated using a control sample for normalization as such:$$Fold\ change\ of\ miR155\ expression\ in\ \left( x \right) = 2^{\Delta Ct{({control\ sample})} - \Delta Ct{({sample\ x})}}.$$

Killing Assays {#sec4.10}
--------------

IncuCyte Live Cell Analysis was used to measure the killing of target cells. OT-1 control or OT-1 miR-155 cells were cocultured with B16-N4 or B16-T4 cells at a 2:1 effector:target ratio in the presence or absence of 1 μg/mL blocking anti-CD8α antibody. The Annexin V red signal (IncuCyte, 4641) was measured every 2 h for 2 days.

Metabolic Assays {#sec4.11}
----------------

XF 96 cell-culture microplates were coated with Cell-Tak (Corning, CB40240) overnight. The next day, T cells were seeded in quadruplicate in unbuffered RPMI (Sigma-Aldrich), supplemented with 2 mM glutamine and with 10 mM glucose depending on the conditions. ECAR and OCR were measured every 5 mi in a Seahorse XF Analyzer before and after sequential addition of αCD3/αCD28 beads, oligomycin, carbonyl cyanide-*4*-(trifluoromethoxy)phenylhydrazone (FCCP), and 2-deoxy-glucose (2DG) or αCD3/αCD28 beads, glucose, oligomycin, and FCCP. Acquired data were normalized to protein levels.

Statistical Analysis {#sec4.12}
--------------------

Flow cytometry data were analyzed with FlowJo (Tree Star), and graphs and statistical analysis were made with Prism (GraphPad Software). A two-way ANOVA, followed by a Sidak's or Tukey's multiple comparison, was used for simultaneous analysis of two variables among multiple groups. Single variables among multiple groups were analyzed with a two-sided t test and a 95% confidence interval. Figures show 1 representative experiment out of 2 or 3 independent experiments. The individual dots always represent biological replicates (number of mice or independent wells). When technical replicates were performed (usually in duplicates), the average of the replicates was plotted (ns, not significant; \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001).
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